ABSTRACT A 3-factor, 3-level Box-Behnken design was used to investigate the interaction effect of dietary digestible lysine (dLys, 9.5, 10.5, 11.5 g/kg), apparent metabolizable energy (AMEn, 12.77, 13.19, 13.61 MJ/kg) and available P (avP, 3.0, 4.0, 5.0 g/kg) levels on performance and amino acid (AA) digestibility of Ross 308 male broilers (n = 1,050) from d 14 to 34. The design consisted of 15 treatments each replicated 5 times with 12 birds per replicate. On d 34, 3 birds were sampled from each pen to collect ileal digesta (pooled per pen) to analyze AA. Response surface was fitted by first-, second-, or third-degree polynomial regressions in JMP statistical software v. 12.0.1. Feed intake (FI), weight gain (WG) and feed conversion ratio (FCR) were affected by dLys (linear and quadratic, P < 0.01), AMEn (linear, P < 0.01) and AMEn × avP (P < 0.01). Increased dLys increased FI but increased AMEn decreased FI in the birds fed the low-avP diet. However, when the avP level in the diet was increased, FI decreased to 13 MJ/kg AMEn and remained constant thereafter. Increased dLys increased WG whereas an increase in AMEn decreased WG in the birds fed the low-avP diet but had no effect on WG in those fed the high-avP diet. Increased dLys decreased FCR whereas increased AMEn decreased FCR in the birds fed the low-avP diet but had no effect on FCR in those fed the high-avP diet. Increased dLys increased breast yield percentage (linear, P < 0.01 and quadratic, P < 0.05) whereas increased AMEn decreased breast yield percentage (linear, P < 0.01). Dietary levels of dLys or avP had positive, linear effects on apparent ileal digestibility (AID) of methionine (P < 0.01) and threonine (P < 0.01) but had no effect on other AA (P > 0.05). These results indicate that increasing dLys levels above current industry standard would improve broiler performance irrespective of AMEn or avP levels of the diet.
INTRODUCTION
Energy and amino acids (AA) are the 2 largest and most expensive components in broiler diets. Broilers generally perform better when fed high AA-density diets (Vieira and Angel, 2012) , but the requirements for digestible lysine (dLys) vary greatly depending on the strains and genders (Kidd and Tillman, 2016) . The response of growing broilers to dietary energy density is variable and may depend on several factors such as bird gender, breed, age, etc., including AA density of diets (Classen, 2016) . There is no general current consensus on the interaction of energy and dietary AA density on broiler performance and thus it requires further investigation with modern genotypes.
Phosphorus (P) is the third most expensive dietary component after energy and AA (Woyengo and Nyachoti, 2011) . Although P plays a vital role in skeletal development, energy metabolism, AA metabolism, and 
Experimental Design
A 3-factor, 3-level Box-Behnken design (BBD) (De Leon et al., 2010 ) was used to investigate the effect of dietary dLys, AMEn, and avP levels on performance, carcass yield and amino acid digestibility of broilers. The independent variables (factors) used in this study were dLys (9.5, 10.5, 11.5 g/kg), AMEn (12.77, 13.19, 13 .61 MJ/kg), and avP (3.0, 4.0, 5.0 g/kg) as shown in Table 1 . The design consisted of 15 treatments (with 3 center points) each replicated 5 times with 12 birds per replicate. The values of center points (dLys 10.5 g/kg, AMEn 13.19 MJ/kg, and avP 4.0 g/kg) were chosen based on the nutrient requirement of birds (AMINOChick R software v. 2, Evonik Industries AG, Essen, Germany). The arrangement of dietary treatments is presented in Table 2 . The evaluated responses (dependent variables) were growth performance (feed intake [FI] , weight gain [WG] and feed conversion ratio [FCR] ), toe ash percentage, breast yield, abdominal fat yield, and coefficient of apparent ileal amino acid digestibility of broilers. The adequacy of the model was evaluated by the coefficient of determination (adjusted R 2 ), model P-value, and lack of fit testing. The model that had non-significant lack of fit was chosen and the non-significant terms were excluded from the model, which resulted in recalculations of the equation for each response. When more than one model had nonsignificant lack of fit, the model that had the highest adjusted R 2 value was chosen. The response surface plots were constructed to examine the effect of changing levels of 2 selected factors on the desired response when the third factor was kept constant. 
Bird Management and Diets
A total of 1,050 day-old Ross 308 male broiler chicks were fed a common starter diet (dLys 12.0 g/kg, AMEn 12.77 MJ/kg, avP 4.5 g/kg) from 0 to 14 d and allocated to treatment diets from 14 to 34 d. The birds were allocated to 75 pens on the basis of body weight to ensure consistency in pen weights. Each pen consisted of 4 nipple drinkers, one tube feeder, and fresh wood shavings as bedding material. The diets contained wheat, soybean, canola, and meat meals as major ingredients. The ingredients were analyzed for nutrient content (Table 3 ) before feed formulation. Thirteen experimental diets were formulated to contain similar ideal amino acid ratios but with different levels of dLys (9.5, 10.5, 11.5 g/kg), AMEn (12.77, 13.19, 13 .61 MJ/kg) and avP (3.0, 4.0, 5.0 g/kg). For each level of avP, Ca to avP ratio was kept constant at 2:1. The chemical composition and nutrient specifications of experimental diets are presented in Table 4 and the analyzed nutrient composition are presented in Table 5 . Diets were mixed and pelleted at 65
• C at the University of New England, Australia feed processing facility. All diets were fed in crumble form to 10 d and as 3 mm pellets thereafter until finishing the 34-d study period. Birds were housed in an environmentally controlled facility with unlimited access to feed and water under a light regime of 24 h light for the first 48 h after chicks' arrival followed by a 1 h darkness each day up to d 7 and gradually increased to 6 h darkness from d 10. An initial temperature of 33 ± 1
• C was maintained for wk 1, gradually decreased to 22 ± 1
• C by the end of wk 3 and maintained at the same temperature until the end of the feeding study. Initial and final feed and body weights were determined on d 14 and 34. The weight of dead or culled birds were recorded to adjust FCR calculations, which was done by dividing FI by WG of birds from 14 to 34 d.
Sample Collection and Chemical Analyses
On d 34, 3 birds were sampled from each pen and euthanized by cervical dislocation to collect ileal contents, 1 Diet 4 also contained added L-Arginine (1.41 g/kg), L-Isoleucine (0.41 g/kg) and L-Valine (0.69 g/kg) into the formulation to balance digestible amino acid contents. 2 Starter diet contained added Zn bacitracin 0.33 g/kg into the formulation. 3 Feedzyme XBC 1000 (Feedworks, Australia). 4 Sacox 120 (coccidiostat) provided 60 mg/kg of salinomycin sodium. 5 Vitamin-mineral concentrate supplied per kilogram of diet: retinol, 12,000 IU; cholecalciferol, 5,000 IU; tocopheryl acetate, 75 mg, menadione, 3 mg; thiamine, 3 mg; riboflavin, 8 mg; niacin, 55 mg; pantothenate, 13 mg; pyridoxine, 5 mg; folate, 2 mg; cyanocobalamine, 16 μg; biotin, 200 μg; cereal-based carrier, 149 mg; mineral oil, 2.5 mg; Cu (sulphate), 16 mg; Fe (sulphate), 40 mg; I (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulphate and oxide), 120 mg; Zn (sulphate and oxide), 100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.
6 Axtra R PHY10000 TPT (Dupont Animal Nutrition) provided 500 FTU/kg of phytase with following nutrient matrix values-Ca (1.4 g/kg), av P (1.5 g/kg), Na (0.3 g/kg), amino acids (dLys 0.2 g/kg, dMet+ Cys 0.17 g/kg, dThr 0.17 g/kg, dArg 0.16 g/kg, dIle 0.16 g/kg, dTrp 0.05 g/kg, dVal 0.15 g/kg) and energy (ME 0.28 MJ/kg). middle toes, breast meat, and abdominal fat. The contents of the ileum (portion of the small intestine from Meckel's diverticulum to approximately 1 cm proximal to the ileo-cecal junction) from each bird were gently squeezed and pooled per pen, then frozen and stored at −20 • C until processed. Digesta samples were freeze dried at −50
• C for 7 d and finely ground with an electrical grinder to pass through a 0.5 mm sieve to ensure a homogenous mixture. The breast meat and abdominal fat were weighed and calculated as a percentage of live body weight. Toes were ashed at 580
• C to constant weight to calculate percentage toe ash. The ingredients were analyzed for AMEn and digestible amino acids by near-infrared spectroscopy (NIRS; AminoNIR, Evonik Industries AG, Essen, Germany). The diets and digesta samples were analyzed for DM by placing duplicate samples in a drying oven at 105
• C for 36 h to constant weight (method 930.15; AOAC, 1990) . Nitrogen content of the ingredients and diets were determined on a 0.15 g sample with a combustion analyzer (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using ethylenediaminetetraacetic acid (EDTA) as a calibration standard. Crude protein was calculated by multiplying percentage N by 6.25. Minerals in the diets were analyzed using inductively coupled plasma optical emission spectrometer (ICP-OES, Model-725, Agilent Industries Inc., Santa Clara, CA) using perchloric acid and hydrogen peroxide for digestion of the samples (Anderson and Henderson, 1986) . The diet and freeze-dried digesta samples were analyzed for AA content by AA analyzer according to AOAC (1990) by method 994.12 at Evonik's AMINOLab in Singapore. Titanium dioxide concentrations were determined in duplicate for diets and digesta samples by the colorimetric method described by Short et al. (1996) .
Calculations and Statistical Analysis
The coefficient of apparent ileal digestibility of AA was calculated using the indigestible marker as follows:
Coefficient of apparent ileal digestibility
A 3-factor, 3-level BBD function in JMP statistical software v. 12.0.1 was used to generate the response surface plots. Response surface was fitted by first-, second-, or third-degree polynomial regressions. The experimental units were pen means and a 5% level of probability was considered to be significant.
RESULTS

Growth Performance and Toe Ash
The overall mortality during the entire study period was less than 3% and there was no diet-related mortality (P > 0.05, data not shown). The effects of dietary treatments on FI, WG, FCR, and toe ash are shown in Table 6 . For demonstration, Table 8 shows model selection for FCR related to the inclusion level of dLys, AMEn and avP and the model selection for other parameters were conducted in a similar way as shown in Table 9 . For FCR, models 1 and 2 had significant lack of fit (P < 0.05) although the independent variables The response surface for FCR is illustrated in Figure 1 . Digestible lysine had linear and quadratic effect on FCR where increasing dLys decreased FCR irrespective of the levels of avP and AMEn in the diet. Digestible lysine tended to interact with AMEn (P = 0.06) to affect FCR. High dLys and AMEn tended to decrease FCR but this was not significant. There was an interaction between AMEn and avP levels in diet on FCR (P < 0.01). An increase in AMEn level decreased FCR in birds fed the low-and medium-avP diets but had no effect on FCR in those fed the high-avP diet. As shown in Figure 2 , WG was affected by dLys (linear and quadratic, P < 0.01), AMEn (linear, P < 0.01) and AMEn × avP (P < 0.05). Increased dLys levels increased WG but increased AMEn levels decreased WG in the birds fed the low-and medium-avP diets but had no effect on WG in those fed the high-avP diet.
The response surface for FI is described as follows (adj. As shown in Figure 3 , FI was affected by dLys (linear and quadratic, P < 0.01), AMEn (linear, P < 0.01) and AMEn × avP (P < 0.05). Increased dLys levels increased FI but increased AMEn levels decreased FI in the birds fed the low-avP diet. When the avP level in the diet was increased to 5.0 g/kg, FI decreased up to a level of 13 MJ/kg AMEn but remained constant thereafter.
There was no significant difference in toe ash percent between any treatments and thus the response surface plots were not constructed for this parameter.
Carcass Traits
The effect of dietary treatments on breast and abdominal fat yields is presented in Table 6 .
The response surface for breast yield is described by the following equation ( Figure 4 , increased dLys levels resulted in higher breast yield percentage (linear, P < 0.01 and quadratic, P < 0.05) but increased AMEn levels resulted in lower breast yield percentage (linear, P < 0.01).
The response surface for abdominal fat percentage is described by the following equation (adj. R 2 = 0.50, P < 0.001),
As shown in Figure 5 , increased dLys levels resulted in lower abdominal fat percentage (linear, P < 0.01) but increased AMEn levels resulted in higher abdominal fat percentage at both low and high avP levels with a more distinct effect on high avP level (adj. R 2 = 0.50, P < 0.001).
Amino Acid Digestibility
The effect of dietary treatments on the coefficient of apparent ileal digestibility of amino acids (AID) of broilers is presented in Table 7 . The response surface for coefficient of AID of methionine (Met) was described by the following equation (adj. R 2 = 0.28, P < 0.001),
As shown in Figure 6 , increased level of dLys or avP increased coefficient of AID of Met (linear, P < 0.001) but increased AMEn levels had no such effect (P > 0.05). Similarly, the response surface for coefficient of AID of Threonine (Thr) was described by the following equation (adj. R 2 = 0.19, P < 0.001),
As shown in Figure 7 , increased level of dLys or avP increased coefficient of AID of Thr (linear, P < 0.01) but increased AMEn had no such effect (P > 0.05). Dietary levels of dLys and avP had no effect on coefficient of AID of lysine, leucine, isoleucine, valine, arginine, histidine, phenylalanine, glycine and serine (P > 0.05).
DISCUSSION
It is common practice to use digestible AA (dAA) and ratios to dLys in formulating diets for broilers. The dLys level of the diet is critical as the minimums for other essential dAA are set based on it according to the ideal protein concept. With continuous improvement in genetics, it is important to determine the optimum level of dLys along with AMEn and avP level in diets. In this study, dLys level had the greatest influence on performance of birds. Increased levels of dLys resulted in improved FI, WG, FCR, breast yield and coefficient of AID of Met and Thr in broilers irrespective of AMEn (above 3050 kcal/kg) and/or avP (above Table 9 . ANOVA, coefficient estimates and summary statistics of growth performance, carcass yield and apparent ileal amino acid digestibility in response to dLys, AMEn, and avP in broilers from 14 to 34 d. 3.0 g/kg) levels in diets during 14 to 34 d of age. This is similar to the findings by Dozier et al. (2008) , who reported no interaction between dietary AA density and AMEn to influence growth performance or meat yield, but main effects were observed. It has been reported that AA requirements increase proportionately faster than energy requirements and thus a higher AA to energy ratio is required in faster-growing broilers (Gous, 2010) , which may explain the response observed in this study with increased levels of dLys. During the growing period of 14 to 35 d, broiler chickens have a high allometric growth for breast muscle compared to the whole body and thus the demand for Lys (or AA) is higher for breast muscle growth during this period (Vieira and Angel, 2012) . Increased digestibility of Met and Thr with higher dLys level suggests that there may be a higher need for Met and Thr (higher than the level used in this study) along with Lys to maximize breast meat yield. This is because the maintenance requirement for AAs is increased as birds become heavier (Emmert and Baker, 1997) and Met+Cys requirements for maintenance are at least twice those for Lys (Edwards and Baker, 1999) . Increased digestibility of methionine and threonine due to increased dLys level may simply be due to increased inclusion of these synthetic AA in the diets. Thus, any reduction in dLys levels in the diet during grower-finisher period may negatively impact performance and breast yield of broilers. The tendency for high dLys and high AMEn levels to decrease FCR observed in this study requires further investigation. The lower levels (less than 3.0 g/kg) of avP in broiler diets have been shown to increase mortality, lower FI and WG (Kornegay et al., 1996; Fritts and Waldrup, 2006) . Based on the current findings, it may be concluded that 3.0 g/kg avP (with 6.0 g/kg Ca) may be safely used in broiler diets at 14 to 34 d of age without affecting FI, WG, FCR, and mortality. The results indicate that AMEn and avP levels interact to drive feed intake. With a high avP level (5.0 g/kg), increasing AMEn had very little effect on FI. With a low avP level (3.0 g/kg), increasing AMEn levels decreased FI. The effect of dietary AMEn on FI in broilers has been questioned with modern broiler genetics (Plumstead et al., 2007; Delezie et al., 2010; Classen, 2016) . It has been suggested that factors other than AMEn are major drivers of FI including the first limiting nutrient, bird gender, age, breed, nutrient and physical density of feed, secondary metabolites in feed ingredients, environmental conditions, and disease (Classen, 2016) . The current study showed that dietary avP level drives FI and interacts with AMEn in this regard. The lack of response of AMEn on WG at high avP level (5.0 g/kg) compared to sharp reduction in WG with increasing AMEn at low avP level (3.0 g/kg) in this study parallels that observed for FI. The decrease in WG and FCR with increasing dietary AMEn at low avP level may be due to the reduction in FI. The interaction between dietary ME and the quadratic effect of avP on final weight, slaughter weight, grower period growth, and total growth was also observed in a previous report (Venalainen et al., 2006) but the dietary ME levels used in that study were very low (11.0 and 12.0 MJ/kg) and perhaps not comparable with the present study. The decrease in breast yield and increase in abdominal fat with increased dietary AMEn in this study confirms that observed by Dozier et al. (2006) and may be largely due to an imbalance between energy and AA in the diet.
The current study indicates that increasing dLys levels in the grower feed above current industry standards may improve broiler performance without a concomitant increase in AMEn or avP levels. In addition, this study indicates that the influence of dietary AMEn on broiler performance depends on avP levels in the diet.
